A 'H-n.m.r. method was used to measure concentrations of valine, alanine, lactate, acetate, hyaluronan and lipids in synovial fluid obtained, during the normal course of examination, from the knee joints of patients attending rheumatology and orthopaedic clinics. Fluid was available from 16 patients with osteoarthritis, 18 patients with rheumatoid arthritis, four patients with meniscal tear and one patient each with systemic lupus erythematosis, mono-arthritis, synovitis and loose bodies. Four normal specimens were obtained for comparison. 2. Valine, alanine and acetate levels all showed a normal Gaussian distribution, reflecting the distributions within the serum of the sample population. 3. Lactate concentrations divided into two distinct patterns. At concentrations below 2.5 mmol/l the lactate levels showed a Gaussian distribution, reflecting the distribution in normal serum. The normal synovial fluid specimens belong to this distribution. Above 2.5-3.0 mmol/l, lactate levels were asymmetric in distribution with a long tail at higher concentrations. These high levels of lactate can be explained by the generation of lactate through anaerobic metabolism within the synovial cavity. This metabolic process is triggered by a general inflammatory condition such as in rheumatoid arthritis. 4. The distribution of n.m.r.-observable lipid concentrations in rheumatoid arthritis and osteoarthritis each shows a normal distribution and the mean concentration is significantly higher in rheumatoid arthritis. 5. An increased n.m.r.-observable hyaluronan concentration is associated with an inflammatory situation. 6. It is concluded that raised levels of lactate and n.m.r.-observable hyaluronan and lipids are useful markers to aid the clinical distinction between rheumatoid arthritis and osteoarthritis. The results of this study confirm rheumatoid arthritis as an inflammatory disease inducing higher metabolic activity within the synovial cavity.
INTRODUCTION
The synovial membrane surrounding a joint acts as a semipermeable membrane separating synovial fluid within the joint from serum outside. Synovial fluid lubricates the joint and is a source of nutrients for hyaline cartilage. This fluid is highly viscous due to the presence of proteins and in particular hyaluronan, the polymer of structure shown in Fig. 1 , which is produced by the synovial fibroblasts of the membrane [l]. Except for hyaluronan, normal synovial fluid resembles a plasma ultrafiltrate in chemical composition [2, 31. This paper uses 'H-n.m.r. spectroscopy to examine the concentrations of species in synovial fluid from patients attending the orthopaedic clinic at the Musgrave Park Hospital in Belfast and the rheumatology clinic at the Belfast City Hospital.
High-resolution 'H-n.m.r. spectroscopy has been shown by other workers to be useful for the multicomponent analysis of low-molecular-mass compounds in body fluids [4-lo]. The technique requires 0.5-1.0ml of sample and can quantify the concentrations of low-molecular-mass solutes. Similar numbers of specimens were obtained from patients with rheumatoid arthritis (RA) and with osteoarthritis (OA). It was aimed to deduce an index for disease type based on the composition of the fluid. Such a correlation could result from the fundamental differences between RA and OA. RA is a generalized inflammatory disease and stimulates cell activity, in contrast to OA which is a localized inflammatory phenomenon.
However, it is clear that any relationship between fluid composition and disease activity can be obscured by two important factors. First, the volume of fluid within a joint can increase dramatically in some disease states. Secondly, the synovial mem- balance between diffusion into the cavity from the serum and possible generation within the cavity by cell metabolism and diffusion out into the serum. Lipids and N-acetylglucosamine-containing polymers are also detected by 'H-n.m.r. spectroscopy.
The principal N-acetylglucosaminecontaining polymer of synovial fluid is hyaluronan. Other N-acetyl compounds, including glycoproteins containing N-acetylneuraminic acid, are present and all are non-dialysable [ 1 1). These compounds are quantified through the intensity of the N-acetyl 'H-n.m.r. signal. For convenience we refer to this group as hyaluronan because this polymer is the principal component on a mass basis.
Collection of 'H-n.m.r. spectral data from aqueous solutions presents two problems which have to be overcome by manipulation of the instrumental parameters. First, it is necessary to suppress the intense signal due to water by applying irradiation at the resonance frequency of water. After this, the spectrum collected by free induction decay shows narrow resonance lines due to the lowmolecular-mass components, superimposed on broad resonances due to protons attached to the biopolymers present. Suppression of these broad resonances constitutes the second problem. This can be achieved by applying the Hahn spin-echo procedure during acquisition of the spectral data The choice of procedure is determined by the use to which the spectra are to be put. Thus, spectra derived from the free induction decay obtained using only water suppression are easily quantified by the standard addition of one substance 141 and many compounds have been quantitied in this way in urine. Spectra obtained using the Hahn spin-echo procedure are less easy to quantify and it has been suggested that this should be done by standard addition of each compound to be examined. Plasma [S, 7, 101 has been examined in this way and also there are two previous examples [8, 91 of the application of H-n.m.r. spectroscopy to synovial fluid. Little quantitative information is available from these studies of synovial fluid.
Studies parallel to the work described here, and on the same specimens of synovial fluid, have been made of the rheological properties and of the level of activity of the protease cathepsin B. This work will be reported elsewhere. c121.
MATERIALS AND METHODS

Materials
Synovial fluid was obtained from patients attending the orthopaedic clinic of the Musgrave Park Hospital, Belfast, and the rheumatology clinic of the Belfast City Hospital. All the material used is from human knee joints and was aspirated under local anaesthetic as part of the routine examination. N o samples were collected for the sole purpose of our 'H-n.m.r. study. Each sample is documented so as to facilitate referral to patient's notes for clinical details. Samples of synovial fluid were collected, centrifuged to remove any debris, frozen and kept at -20°C until examination.
Normal samples were obtained from knees presented for arthoscopy and found to be healthy. Before arthoscopy, fluid was aspirated through an 18-gauge needle placed in the joint on the medial aspect of the patella.
Quantitative 'H-n.m.r. analysis
A General Electric 300 MHz spectrometer operating at 25°C was used for the 'H-n.m.r. measurements. Two 'H-n.m.r. spectra were obtained for each sample of synovial fluid using free induction decay. The water signal was suppressed by irradiation at the appropriate frequency for 6s. After an interval of 2ms, a 90" pulse was applied and the decay signal was collected for 2.6s. Fourier transformation was applied to a total of 256 acquisitions. The following solutions were used after being centrifuged.
(1) Fluid (0.50ml) was diluted with a solution (0.25 ml) containing sodium tetradeuterio-3-trimethylsilylpropionate (TSP) as standard of chemical shift. The solution for this dilution was prepared from TSP (200mg), water (10ml) and made up to 50ml with deuterium oxide.
(2) Fluid (0.50ml) was diluted with a solution (0.25 ml) containing alanine. The solution for this dilution was derived from an accurately prepared aqueous alanine solution (2.00 g/l) containing TSP. This aqueous alanine solution (1 ml) was diluted to 5 ml with deuterium oxide.
Spectra were obtained. The uneven baseline which results from the presence of polymers was tolerated. A typical spectrum is reproduced in Fig. 2 . Peak areas were measured by triangulation and then normalized to show the same lactate area in each of the two spectra. This compensates for any changes in the spectrometer sensitivity. Now, the increase in peak area due to addition of alanine corresponds to 0.1 mg of alanine present in 0.5 ml of fluid, i.e. an alanine concentration of 200mg/l or 2.247 mmol/l. The concentrations of all species identified were then determined from the ratio of the peak area to the peak area due to standard addition of alanine. Alanine is already present in the neat fluid so that an added amount is not expected to become n.m.r.-silent due to adsorption and entrainment by the polymers present. In some preliminary experiments we attempted to use sodium 4-methylbenzenesulphonate as a substance for standard addition. This material gave a negligible n.m.r. signal when present in amounts commensurate with the alanine present. It is probably absorbed by proteins and thus rendered n.m.r-silent. The signal due to TSP was also broader and less intense than expected, probably due to protein absorption.
A study of human plasma has shown that lactate resonances in this medium are subject to broadening and substantial intensity decrease due to the presence of high-molecular-mass and positively charged particles [lo] . Addition of ammonium chloride (0.5 mol/l) restored the normal lactate signal. The effect was attributed to adsorption. Alanine and valine resonances did not suffer this effect. The lactate signal from a sample of synovial fluid examined here did not show this behaviour. Under the usual conditions a concentration of 4.41 mmol/l was found. A further determination of lactate in the presence of 0.5 mol/l ammonium chloride gave a concentration of 4.48 mmol/l. There was no significant difference between these two determinations, within the precision of the method. Synovial fluid is an ultra-filtrate of plasma from which the positively charged high-molecular-mass particles are largely removed, so the phenomenon of suppression of lactate n.m.r. response is much less severe than observed for plasma. In contrast to plasma, synovial fluid contains a high concentration of high-molecular-mass hyaluronan particles with one ionized carboxylate group per polymer unit, which will compete with lactate for positive centres.
'H-n.m.r. signals due to low-molecular-mass components were identified by making small additions of authentic materials to synovial fluid and noting the changes in spectra. Glucose is easily detected by a complex array, 63.0-4.0, but is difficult to quantify in the spectra obtained here owing to the complexity of the signal and overlapping of signals due to the CH protons in lactate and amino acids and a residual water signal.
Creatine, 6 3.05 (s), or creatinine, 6 3.06 (s), were just detectable in some samples and these low levels did not allow us to obtain satisfactory quantitative data. 3-Hydroxybutanoate was also just detectable by its signal at 6 1.19.
RES U LTS
Quantitative results are collected in Tables 1-3 . The concentrations of alanine and valine averaged over all the sample population were 0.24 and 0.19 mmol/l, respectively. These are lower than the mean values for alanine of 0.395mmol/l (SD 0.088; n = 194) and for valine of 0.229 mmol/l (SD 0.034; n=68) found in the plasma of normal adults [13] . The concentration of lactate averaged over all the samples was 5.19 mmol/l, which is higher than the mean value of 0.945 mmol/l (SD 0.387; n = 30) found in the plasma of resting adults [14] . Lactate levels were comparable with those found by other workers [ 151 using an enzymic procedure: 18 samples having a wide variety of joint disease states, lactate concentration range 1.71-7.66 mmol/l. The results for normal samples are given in Table 4 . These are not included in any averaged values.
Statistics
Results are expressed in the form of histograms in order to detect visually any deviation from an approximately normal distribution. The observational interval, L, is not the same for each Figure. The choice of a value is arbitrary but is limited by the need to include all the necessary data on a horizontal scale and the need to avoid fragmentation of the data into a large number of blocks, each with only a small number of observations. The mean and SD of n observations are defined as mean=X(x)/n and SD= *JX(x-x)'/(n-1). A Grubb-type test [16] was used to detect outliers to a normal Gaussian distribution within the sample population. A Student's t-test [17] was used to establish, or otherwise, a significant difference between sample means. Here P=O.Ol. 
Distributions within the total sample population
Acetate, alanine and valine. Histograms for the distribution of concentrations for individual compounds in the total sample population are constructed using the combined values of Tables 1-3 and plotted in Fig. 3 . Some points are ignored so as mean is 0.19mmol/l (SD 0.11; n=42); rejecting the outliers (patients nos. 60 and 112) gives a mean of 0.17mmol/l (SD 0.08; n=40). No comment is offered on the outliers in the population for acetate, for alanine and for valine because no further relevant experimental data are available.
A normal Gaussian distribution of concentrations for a given compound is to be expected if the compound enters the synovial cavity by diffusion so that the distribution is related to the distribution of the compound in the serum of a normal population. A normal distribution is also expected where the substance is generated within the cavity and then freely lost by diffusion to a serum in which it has negligible concentration. The relative concentrations of alanine and valine in serum and in synovial fluid, quoted in the Results section, lead us to the conclusion that alanine and valine enter the synovial cavity by diffusion through the synovial membrane. This is probably also the case for acetate.
Hyaluronan. The distribution of hyaluronan is asymmetric. Comments on this distribution are made during a discussion of the sub-populations of patients with OA and RA. These comments must be prefaced by a discussion of contributors to the Nacetyl signal at 6 2.05.
The principal N-acetylated sugar derivative in synovial fluid is the polymer hyaluronan (Fig. 1) . Normal fluid contains this polymer in the concentration range 1.36-3.60 g/l [l 13. The 'H-n.m.r. spectrum of hyaluronan has been studied in detail [18] in order to obtain information on the conformation of the polymer chain in solution. Material from rooster comb with an M , of 1.2 x lo6 [19] was used. Hyaluronan from normal human synovial fluid has an M , of 6 x lo6 and this falls to (2.7-4.5) x lo6 for material from patients with rheumatism [20] .
In solutions of pure hyaluronan of known concentration the N-methyl signal appeared as a line of half-width approximately 9 Hz. The signal corresponded in intensity to 43+5% of the groups actually present [18] . The deficit is believed to contribute to a broad resonance of half-width approximately 200 Hz due to acetyl groups which are attached to stiff sections of the polymer chain. The intensity of the sharp N-methyl signal is also known to be higher for samples of low-molecularmass polymer [9, 213. The N-acetyl signal at 62.05 in our samples of synovial fluid has a half-width of approximately 9Hz. It will receive a contribution from the hyaluronan present and also from glycoproteins containing N-acetylneuraminic acid residues. The total sample population average from Tables 1-3 corresponds to an equivalent hyaluronan concentration of 0.24 g/l, assuming all the N-acetyl groups are n.m.r.-active. This is considerably lower than the anticipated values, and the n.m.r. method alone can give only approximate values for hyaluronan concentration. In a study of human plasma [7] , where in healthy subjects the mean hyaluronan level is 42pg/l (SD 25) [22] , the N-acetyl signals showed two distinct broad resonances at 62.04 and 62.08 and these were attributed to the mobile carbohydrate side-chains of glycoproteins.
Hyaluronan is generated within the synovial cavity and is not capable of diffusing through the membrane, although it can be lost through the lymphatic system [23] . Sundblad [24] has demonstrated that the total amount of hyaluronan in the joint cavity, rather than the actual concentration, reflects the degree of pathological change in synovial tissue. Measurements of the total volume of synovial fluid were not obtained during our study. In general, however, rheumatoid joints contain a greater volume of fluid than osteoarthritic joints. The results obtained here indicate slightly higher average concentrations (0.71 and 0.61 units, respectively) of hyaluronan in rheumatoid than in osteoarthritic joints, so there must be a greater production of hyaluronan in joints suffering from RA where the volume of fluid is greater. For the limb joints of the rabbit it has been established that the colloid osmotic pressure is generated by the protein and the hyaluronan concentration, and there is a net filtration gradient from blood to joint cavity [23] . This is balanced by fluid pressure. The synthesis of excess hyaluronan within a joint cavity will upset this balance and result in an inflow of water to dilute the synovial fluid, thus causing an effusion. Other studies have shown [22] that hyaluronate was elevated 5-7-fold in the serum from patients with active RA. Serum hyaluronate levels also correlate well with subjective scoring levels for induced arthritis in rats [25] .
Lactate. The total sample population of lactate as plotted in the histogram of are two subpopulations with respect to lactate. One sub-population has lactate concentrations 0-2.5 mmol/l in a Gaussian distribution, whereas the sub-population with a higher lactate concentration has an asymmetric distribution with a long tail towards the high concentration end. Such a dual population is more clearly defined by examination of the total sample excluding those diagnosed as having RA. The corresponding histogram is shown in Fig. 4 .
Application of the modified Grubb test to data on lactate concentration, excluding that from patients diagnosed as having RA, shows that at the P=O.O1 level, the sub-population in the range 0-2.5 mmol/l has a normal distribution to which observations outside this range are classed as outliers. This subpopulation, with a mean of 1.33mmol/l (SD 0.36; n = 13), reflects the distribution of serum lactate levels within the population and is associated with only weak metabolic activity within the synovial cavity. The average lactate concentration obtained here is significantly higher than the value of 0.945mmol/l (SD 0.387; n=30) found in the plasma of resting adults [16] . The samples of normal synovial fluid (Table 4) show low levels of lactate that are within the distribution for this sub-population.
Lactate levels greater than 2.5-3.0 mmol/l indicate substantial production of lactate by metabolic activity within the synovial cavity. Lactate generated in this sub-population must diffuse into the serum which already contains lactate and this accounts for the asymmetric distribution of lactate concentrations within the whole sample population. Thus, the rate of outward diffusion of lactate is dependent on the difference in concentration across the membrane and even in the ideal case where we have a normal distribution of rates for the production of lactate within the synovial cavity; this combined with the outward diffusion process must result in an asymmetric distribution of concentrations within the sample population.
Distribution within the sample sub-populations of OA and RA
The total sample population as received had already been divided on clinical grounds into subpopulations of OA and RA. There are negligible differences in the distributions of valine, acetate and alanine in the samples of these two sub-populations. Other data are summarised in histograms in Fig. 5 .
Division of the total sample population of n.m.r.-observable lipid concentrations between the subpopulations of OA and RA shows that the total distribution arises from the superimposition of two normal Gaussian distributions. The sub-population of OA is characterized by the mean and SD for lipid CH, of 0.82 (SD 0.41; n=13) compared with 1.73 (SD 0.85; n = 18) for the sub-population of RA. This difference between the two sub-populations is emphasized by examination of the results from the lipid methylene signal (see Table 4 ). The normal samples (Table 4) show two examples of low lipid CH, levels and two with higher lipid CH, levels.
It was demonstrated in a previous section that, for some patients, lactate is generated by metabolism within the synovial cavity. All the hyaluronan is generated by cells within this cavity so we may expect a correlation between hyaluronan and lactate levels. A correlation between RA and high lactate concentration can also be anticipated because of the inflammatory nature of RA.
Examination of the results listed in Table 3 indicates that low levels of lactate are normal for synovial fluid under non-inflammatory conditions. Thus, four samples of synovial fluid were obtained from knee joints with a meniscal tear. These conditions resulted from sports-related injury of an otherwise healthy subject. The samples show low levels of lactate. Also fluid samples taken from patients with the conditions of monoarthritis and of loose bodies, neither of which is inflammatory in nature, show low levels of lactate. In contrast, systemic lupus erythematosis is an inflammatory condition and the one synovial fluid sample obtained for this sub-population shows a high level of lactate.
The samples with lactate levels above 8 mmol/l are listed in Table 6 eight patients with RA, one patient with systemic lupus erythematosis and two patients with OA. This sample contains all nine patients of the full sample population with hyaluronan levels of 0.8 mmol/l and greater, together with two patients having hyaluronan in the concentration range 0.6-0.8 mmol/l, all of which are substantially higher than the range of 0.32-0.47 found for the normal samples.
It is concluded that an inflammatory condition gives rise to higher concentrations of lactate and n.m.r.-observable hyaluronan in synovial fluid. These are useful markers and will aid the clinical distinction between RA and OA. Possibly two (patient nos. 36 and 116) of the sub-population of sample sub-population of RA. The remaining three patients in Table 6 have raised lipid levels. Overall, an inflammatory condition related to RA gives rise to higher n.m.r.-observable lipid levels than does OA, but there is no simple relationship between lactate levels as a measure of inflammatory nature and the lipid levels. The results of this study confirm RA as an inflammatory disease inducing higher cell metabolic activity within the synovial cavity. The results indicate that levels of lactate, n.m.r.-observable hyaluronan (i.e. N-acetyl compounds) and n.m.r.-observable lipid CH, residues in human knee joint synovial fluid are valuable aids to diagnosis in cases of RA and OA.
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